The past decade has seen an increasing interest in forest management based on historical or natural disturbance dynamics. The rationale is that management that favours landscape compositions and stand structures similar to those found historically should also maintain biodiversity and essential ecological functions. In fire-dominated landscapes, this approach is feasible only if current and future fire frequencies are sufficiently low compared with the preindustrial fire frequency, so a substitution of fire by forest management can occur without elevating the overall frequency of disturbance. We address this question by comparing current and simulated future fire frequency based on 2 × CO 2 and 3 × CO 2 scenarios to historical reconstructions of fire frequency in the commercial forests of Quebec. For most regions, current and simulated future fire frequencies are lower than the historical fire frequency, suggesting that forest management could potentially be used to maintain or recreate the age-class distribution of fire-dominated preindustrial landscapes. Current even-aged management, however, tends to reduce forest variability by, for example, truncating the natural age-class distribution and eliminating mature and old-growth forests from the landscape. Therefore, in the context of sustainable forest management, silvicultural techniques that retain a spectrum of forest compositions and structures at different scales are necessary to maintain this variability and thereby allow a substitution of fire by harvesting. 2744
Introduction
Over the past decade, there has been an increasing interest in forest-management approaches based on natural disturbance dynamics (Attiwill 1994; Angelstam 1998) . The rationale is that management favouring development of stand and landscape compositions and structures similar to those in natural ecosystems should maintain biodiversity and essential ecological functions (Franklin 1993; Hunter 1999) . In other words, the conservation of native flora and fauna may be possible by emulating the size, frequency, pattern, and severity of disturbances to which forest species have adapted over thousands of years (Hunter et al. 1988; Hunter 1993) .
Understanding of the fire regimes that burn forests throughout Quebec is still fragmentary, making it inappropriate to generalize from landscape studies to an entire region. This lack of understanding has often led to false generalizations. For example, it has often been assumed that large-scale fires that produce even-aged stands are not only omnipresent but frequent in boreal and mixedwood forests However, it has become increasingly evident that short fire cycles apply only partially to the boreal forest and that the regional situation is considerably more complex . Nonetheless, the assumption of frequent largescale fires has been used to justify the use of clear-cut harvesting. Although differences between the effects of harvesting and fire have been amply documented (see reviews by McRae et al. 2001; Haeussler and Kneeshaw 2003) , the belief remains that modifications of the clear-cut harvesting system can be used to recreate even-aged stand conditions and, with some planning, an age-class structure that resembles that found in fire-dominated landscapes (Burton et al. 1999) .
Focusing only on the portion of the landscape dominated by even-aged stands that were created following burns, a substitution of fire by forest management may be appropriate for the creation of some even-aged conditions. Extended rotations of even-aged management (Burton et al. 1999) or uneven-aged management ) could be used to retain or create some of the structural elements found in overmature and old-growth stands (Kneeshaw and Gauthier 2003) in sections of these areas. Other old-growth stands could be maintained through careful planning of reserves and other conservation areas. The proportion of the forest under even-and uneven-aged management could be determined by the historical fire cycle of a specific area (Bergeron et al. 1999) .
However, in areas where fires are still frequent, harvesting is cumulative to fire, meaning that even-aged, short-rotation management systems may be unable to maintain the historical age-class structure (Armstrong 1999) . Most productive areas in the North American boreal and mixed forests lie between this situation and one where a fire-harvesting substitution is possible. The situation also depends on climate change because model predictions for fire frequency vary significantly from region to region and may influence whether a substitution is possible (Flannigan et al. 1998) .
Here, we present historical, current, and projected future frequencies of stand-replacing fires for the different bioclimatic regions of commercial forests in Quebec. We characterize the extent to which the use of conventional even-aged management (i.e., clear-cutting under short rotation) or lowretention systems (e.g., 5%-30% of within-treatment area retained as mature green trees) could potentially be used to recreate the forest age structure of preindustrial landscapes that were previously disturbed by fire. We discuss the limitations of such an approach in the context of sustainable harvest levels and forest management.
Methods

Study area
Fire-history studies used in the analysis (Table 1) represent different bioclimatic subregions in Quebec's commercial forests ( Fig. 1 ; see Saucier et al. (1998) for detailed descriptions of the bioclimatic subregions). Only a few studies exist for several of the bioclimatic subregions, making it difficult to generalize across the entire province. In most cases, however, the fire-history studies cover very large areas (Table 1) . Although most studies pertain to the boreal forest, we also included studies from mixed forests in southern Quebec where fire was historically an important disturbance.
Model
We developed a simple graphical model based on the comparison of historical and current burn rates to evaluate whether even-aged management (i.e., low-retention systems under short rotation) may be appropriate for the emulation of forest age structures associated with historical fire regimes in different regions, given biodiversity and yield constraints (Fig. 2a) . The x axis of this graphical model corresponds to the current burn rate; it also represents increasing yield constraints because as burn rate increases, fires increasingly compete with harvesting for timberland. In other words, yield constraints are high when current fire frequency is equal to or higher than the desired annual harvest level. The y axis corresponds to the historical burn rate; it reflects biodiversity constraints as our ability to maintain the full range of age-classes (and thereby the suite of native species and stand structures) is restricted when the combined rates of fire and harvesting are so high that a low diversity of stand ages is entrained across the landscape.
The 1:1 line in Fig. 2a represents the situation when current and historical burn rates are equal, whereas the 1% line on both axes indicates an arbitrary harvesting rate commonly applied in boreal forests. The area below the 1:1 line characterizes the situation where current burn rates are sufficiently high to resemble historical burn rates, leaving no room for using even-aged management as a means to emulate natural disturbances. On the other hand, in the area above the 1:1 line, the current burn rate is lower than the historical burn rate, thereby allowing for the use of even-aged management to make up the difference. In this model, the amount of even-aged management that would be allowed increases according to the distance that a given region is located above the 1:1 line.
Therefore, the four quadrants in Fig. 2a represent different types of constraints. Briefly, the lower right quadrant (biodiversity and yield constraints) is the least desirable scenario: a low historical fire frequency means that the preindustrial landscape was composed principally of mature and old-growth forests; however, because of climate change, land use changes, and other factors, the current burn rate is relatively high (Fig. 2a) . This scenario entails great pressure on the ecosystem's biodiversity. In addition, harvesting at the current rate competes with forest fires, thus accelerating changes in the forest age structure. Conversely, the upper left quadrant (low constraint) is the best scenario: although historical fire frequency was high, climate change, land use, or fire suppression has decreased the current fire frequency. In such a situation, even-aged management may therefore be desirable to preserve the historical forest age structure. The lower left quadrant indicates a biodiversity constraint, as both historical and current burn rates are lower than the 1% desirable annual harvesting level. In this case, the amount of old forest present in the past would not be maintained by an even-aged management approach (Kneeshaw and Gauthier 2003) . The upper right quadrant implies a yield constraint, Table 1 Table 1 . Geographic coordinates and other details for each of the study areas.
Fig. 2.
(a) Graphical model to assess biodiversity and yield constraints based on past and current annual burn rates. Above the 1:1 line, current burn rate is lower than past burn rate and a real substitution of fire by harvesting is possible. As one moves up the 1:1 line, the constraints on the fire-harvesting substitutions change from principally biodiversity to yield. (b) Historical, current, 2 × CO as historical and current burn rates are higher than the desired 1% annual harvesting level; thus, even-aged management would compete with forest fires.
Burn rates
Historical burn rates (percentage of area per year) were determined from the literature and ongoing studies in Quebec's commercial forests (Table 2 ). Mean age of the forest (time since fire) before extensive clear-cutting activities began was used to estimate historic burn rates. Mean age of the forest was preferred to the historic fire cycle because it integrates climatically induced changes in fire frequency over a long period and because it is easier to evaluate than a specific fire cycle Gauthier et al. 2002) . The inverse of mean age was used to estimate the annual historic burn rate.
Current burn rates were estimated from the Quebec forest fire archives for the period 1940-2003 (ministère des Ressources naturelles et de la Faune du Québec (MRNFQ) 2005). The fire database includes all fires 50 ha and larger and represents over 98% of the area burned. Mean annual area burned was computed for each bioclimatic subregion following the Saucier et al. (1998) classification.
We estimated future burn rates using linear regression relationships developed between monthly area burned and observed weather and components of the Canadian Fire Weather Index (FWI) System (Van Wagner 1987) for each bioclimatic subregion during the 1959-1999 period. The observed weather data included temperature, relative humidity, wind speed, and 24 h precipitation at 12:00 Local Standard Time (LST) for the fire season. These data were obtained from the most appropriate Environment Canada weather station for each bioclimatic subregion. These weather variables are also input variables for the calculation of the Canadian FWI system; this system represents fuel moisture of three layers, rate of fire spread, total fuel available, and the intensity of a spreading fire. Using the 2 × CO 2 and 3 × CO 2 scenarios from the Canadian first-generation coupled general circulation model (GCM-CGCM1) (Flato et al. 2000) , we calculated the components of the FWI system. This model included forcings from both greenhouse gases and sulphate aerosols that contribute to a 1% increase in CO 2 per year. At this rate, the time periods 2040-2060 and 2080-2100 roughly correspond to a 2 × CO 2 and 3 × CO 2 scenario, respectively. The grid spacing for GCM predictions was for areas approximately 3.75°longitude × 3.75°latitude. Estimates of future burn rates for each bioclimatic subregion were calculated using the appropriate linear regression (see Table 3 ). Additional methodological details can be found in Flannigan et al. (2005) .
Results
All the areas studied showed current burn rates significantly lower than their associated historical burn rates (Table 2; see also Figs. 2b and 3) . Depending on the area, fire frequencies decreased 2 to 10 times. The relationship between historical and current burn rates among the study areas is illustrated by a significant linear regression with R 2 = 0.65 (Fig. 2) . Current burn rates for all bioclimatic subregions are relatively low (Table 2 ). There is a trend for an increase in burn rate with latitude, with the western sugar maple -yellow birch bioclimatic subregion having the lowest frequency (0.036%/year), and the western black spruce subregion (0.239%/year) and the balsam fir -white birch (0.258%/year) showing higher frequency. Table 2 . Burn rate for each study area. Fig. 3 . Linear regression between historical and current burn rates of the study areas. See Table 1 and Fig. 2 for study areas and abbreviations, respectively.
In terms of future burn rates, the 2 × CO 2 simulations (Tables 2 and 3 ) showed a potential increase in mean fire frequency. This increase was highest for the western black spruce and moss bioclimatic subregion, an increase of 65%. The exception was the western sugar maple -yellow birch subregion where a decrease of 17% was observed. Despite strong increases in burn rate for the 2 × CO 2 scenarios, future fire frequencies are expected to lower than historical burn rates (Fig. 2b) . In fact, the difference in current and (projected) future fire frequencies from their historical counterparts places all cases in the biodiversity constraint quadrant of Fig. 2a . Higher fire frequencies due to climate change would also significantly increase the constraint on yield. However, with a 3 × CO 2 scenario, the estimates of burn rate for the western black spruce -moss bioclimatic subregion lie over the 1% threshold and such that both biodiversity and yield constraints are expected.
Discussion
Changes in fire frequency
The observed shift from shorter fire cycles in the past to longer cycles over the last 63 years is likely due to a combination of climate change and improved fire suppression. Although area burned in Canada has been increasing in recent decades (Gillett et al. 2004 ), many studies from the Canadian boreal forest report a general decrease in fire frequency since the mid-19th century Larsen 1997; Weir et al. 2000) . Because most of the forest was still commercially unexploited at that time, it seems probable that the decrease in fire frequency was driven by climatic changes, a notion supported by the general decrease observed for all regions and the maintenance of their relative differences (Fig. 3) . In northwestern Quebec, the decrease in fire frequency relates to a reduction in the frequency of drought events since the end of the Little Ice Age (Bergeron and Archambault 1993) and an important change in the circulation of global air masses that regulate climate in this region (Girardin et al. 2004) .
While the fire-fighting tools available during the first part of the 20th century were likely insufficient to effectively deal with large fires, active fire suppression in this region increased during the last 63 years. The introduction of water bombers, enhanced fire detection, and improved initial response systems has meant an important improvement in firefighting (cf. Cumming 2005) . Moreover, the efficacy of fire suppression likely increased because of landscape fragmentation by land clearing and the development of an extensive road system that augmented the number of firebreaks and improved firefighting access (Lefort et al. 2003) . Differences in efficacy of passive or active fire suppression could account for part of the unexplained variance in the regression between past and current fire frequencies (Fig. 3) .
The simulation results suggest a general increase in fire frequency in the future, especially for the latter part of this century. However, these results have to be interpreted with caution. Simulations based on different GCM scenarios often give a range of results (Flato et al. 2000) . Moreover, no changes or decreases in fire frequencies have been inferred from simulation of future fire weather indices (Flannigan et al. 1998 (Flannigan et al. , 2001 as opposed to the current regression method that uses area burned as a predictor . In any case, the important conclusion to retain here is that, except for the western black spruce -moss subregion under a 3 × CO 2 scenario, the predicted increases in fire frequency are less than the historical fire frequencies observed over the last 300 years.
Implications for age-class structure, harvest rates, and sustainability
The recent decrease in fire frequency relative to the past means that even-aged or low-retention silvicultural systems could be used to create forest age structures that would exist under shorter fire-return intervals. Moreover, simulation results presented in this paper and elsewhere (Flannigan et al. 1998) show that, even if this trend is reversed in the future, predicted increases in fire frequency would probably fall short of the shortest fire intervals observed in the past. Under these circumstances, the use of even-aged or lowretention management would still be feasible to make up differences between historical and predicted burn rates (Fig. 2b) .
We emphasize that clear-cutting and fire are not the same process nor do they have the same ecological effects (see McRae et al. 2001 for a review). In Quebec in particular, and in boreal forests in general, clear-cutting does not reproduce the spatial pattern observed naturally among and within individual fires. Such practices can lead to intense forest fragmentation and large losses of old and mature forest (Delong and Tanner 1996) as well as a lack of residual dead and liv- ing tree stems inside cutblocks. Furthermore, the lack of soil disturbance and rejuvenation typically associated with fire can contribute to decreased stand productivity and can be detrimental to fire-adapted species (McRae et al. 2001; Haeussler et al. 2002) . This latter phenomenon is particularly acute in the Claybelt of northwestern Quebec and northeastern Ontario, where organic matter rapidly accumulates after fire; this process is not reversed after logging and can lead to decreased postlogging stand productivity Lavoie et al. 2005) . Therefore, only continued and careful examination of fire and harvesting effects on ecological patterns and processes can help define clearcutting guidelines in the context of sustainable forest management (Ontario Ministry of Natural Resources (OMNR) 2001; Bergeron et al. 2002) .
Even if current or future fire frequencies remain low, logging will continue to compete with forest fires for timber. In this circumstance, without a large investment in fire suppression (active and passive) and extensive use of salvage logging, with its associated negative effects on biodiversity, the current harvesting rate may be unsustainable if losses due to current and future fire frequencies are not included in timber supply models (Le Goff et al. 2005) . Extreme changes similar to those expected in the western black spruce -moss subregion might not allow for any forestry at all.
Fire suppression has limitations; it is increasingly recognized that it is not really efficient in large tracts of natural forest where access is limited and when fire season conditions are particularly severe. The use of salvage logging is also limited by road access, especially in cases where the postfire timber quality is affected by insects. Furthermore, as the abundance and extent of mature and old-growth forest diminishes, fire will increasingly burn immature stands where salvage logging may be impossible or uneconomical. Moreover, extensive use of salvage logging may also be detrimental to biodiversity, because many plant and animal species depend upon or become periodically concentrated in recently burned stands (Nappi et al. 2003; 2004; Purdon et al. 2004) . Brais et al. (2000) also reported that, in the case of poor soils, the additive effects of fire and logging can decrease nutrient pools and affect stand productivity.
Although differences among past, current, and future fire frequencies may be used to justify the use of clear-cutting or low-retention systems to emulate the historical proportion of postfire stands in the landscape, the exclusive use of these systems cannot be justified by historical fire frequencies. In most cases, reported historical fire frequencies are less than 1% (implying at least a 100 year rotation, see Fig. 2a) ; this low frequency means a large proportion of the preindustrial landscape was composed of forests older than the 100 year commercial forest rotation. This proportion is even higher if one considers that fire is a random process, whereas forest management is systematic: with a 1% burn rate, 37% of the stands are in fact older than 100 years in a landscape subject only to fires, whereas no stands are older than 100 years in a fully regulated managed landscape (Van Wagner 1978) . Alternative silvicultural systems that include extended rotations and a variety of retention treatments have been proposed to conserve in-block forest structure and maintain mature and old-growth forests in the managed landscape (Bergeron et al. 1999 ). However, we may also need to fundamentally review thinking that suggests we can optimize timber supply through regulating the forest landscape. This may, under many scenarios, put us into direct conflict with biodiversity objectives and a changing fire regime. In this vein, the design and implementation of alternative silvicultural systems for the mixed and boreal forests remain urgent tasks that must be accomplished.
